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АВ5ТКАСТ 


The spectrometric oil analysis program as applied to naval 
aviation was developed as a portion of the overall aviation safety 
program of the U. S. Navy. The equipment and techniques have been 
refined, and the program has been steadily expanded since its 
inception in 1955. The value of this system in determining densi- 
ties of microscopic particles of certain oil-wetted wear metals 
in samples of oil extracted from aircraft engines has proved to be 
helpful in predicting incipient engine failure. In this study 
data relating to both reciprocating and jet engine models was ana- 
lyzed in an attempt to determine which of the following elements 
provided significant information regarding the internal condition 
of the engine: aluminum, iron, chromium, silver, magnesium, 
nickel, copper, and silicon. 

Multiple and simple linear regression analyses and correl- 
ation techniques were applied in order to determine the mathemat- 


ical model which corresponded most closely to the data compiled. 


RY ಸ 
POSTGRADUATE SCHOUL 





sor VW 
T vals 


BRAIN. 


93940 


PUBL EY KNOX LIBRARY 


NAVAL POSTGRADUATE SCHOOL 


MONTEREY, CA 93943-5101 


TABLE OF CONTENTS 


il ERBEN ο οσο οσο ο m A 9 
LIG CONCEPT ΠΕΡ SID SS 1v س س‎ Jur 
III. PROCEDURE ---------------------------- -------- -- - -- - -=- -- 14 
IV. Re τ τι--------------------------------------- 20 
V. CONCLUSIONS -------------------------2--2---------- === - - 24 
APPENDIX A Serial Numbers of the R2000-6 Model 

೫1281778132 ENGINES Ea © 26 
APPENDIX B ಎಡ (ಆ. ೫180575752 of Raw Data -=============s ceca 27 
APPENDIX C Plots of Hours Since Engine 011 

Change Versus Densities of Eight 

Elements for Five Engines ------------------------ 35 
APPENDIX D Stepwise Regression Results ---------------------- 43 
APPENDIX E Test Results for Hypotheses That the 

Regression Line Has Zero Slope ------------------- ИП 
APPENDIX F Prediction Interval for an Individual 

Value of y for a Hypothetical Value of 

the Independent Variable, x = 150 ---------------- 46 
ΠΚΕ, Computer Ргаегат --------------------------------- 54 
APPENDIX H General Results for Jet Engines ------------------ 67 
BIBLIOGRAPHY —------------------------------------------------- 70 
TT DISTRIBUTION LIST —------------------------------------ 71 
ರ ಯ ಪ S0 ಹ್‌ س‎ 73 





IT: 


LIST OF TABLES 


Increases of 0.10 or Morein Multiple Correlation 
Coefficient Caused by Addition of the Second 
Independent Variable to the Equation --------------------- 


Comparison of Typical Densities Between Jet 
and Reciprocating Engines -------------------------------- 





ls: 


LIST OF DRAWINGS 


Example of a Prediction Interval for an Oil 
Sample Extracted from an Engine at a Point In 


Time 150 Hours Since Engine Oil Change 





I. INTRODUCTION 


The United States Navy Spectrometric Oil Analysis Program had 
a modest beginning in 1955 at the Naval Air Rework Facility, Naval 
Air Station, Pensacola, Florida. From this beginning the program 
has grown to the extent that it now enjoys a substantial amount of 
credit for the success of the Navy's overall compaign for aviation 
safety. The degree of success attained was largely due to the 
ability of certain types of spectrometers to detect changes in 
amounts of microscopic particles of metals suspended in an oil so- 
lution. Experience has shown that early identification of incip- 
ient engine failure may be recognized through proper interpretation 
of the analysis of rates of particle build-up in the oil samples. 

Current state-of-the-art spectrometry can measure Concentra- 
tions of all of the important wear metals produced in an oil- 
lubricated mechanical system. Since metallic ions emit 
characteristic light spectra when vaporized in an electric arc, a 
unique spectrum for each metal is obtained. When the intensity of 
the spectrum is measured against a relative standard, the result 
is an estimate of the quantity of the metal present in the sample 
being analyzed. 

With the spectrometric analysis of the sample completed, the 
only remaining task involves interpretation of data. The acces- 
sion of modern unit record equipment has allowed the oil analysis 
program to expand and to build a sufficiently large data base 


from which statistical inferences may be drawn. This collection 


of data and experience led toward the establishment of threshold 
limits for certain elements on each particular engine model. 
These limits have been delineated for use as a guide in determin- 
ing whether or not an engine is in need of overhaul. 

To assist engine mechanics in the performance of their mainte- 
nance duties, the analyst in the central laboratory at Pensacola 
can often pinpoint a potential trouble spot in an engine by noting 
which particular metal has exceeded its threshold. For instance, 
aluminum is often used in reciprocating engines for parts such as 
pistons, cylinder heads, and oil pump impellers. Copper is 
almost always used for bushings and intake valve guides, and nickel 
is used for exhaust valve guides. No single standard list can be 
compiled which would be appropriate for all engines. However, 
each model has a list of standardized parts. This standardization 
within models is what allows the analyst at the central laboratory 
to detect not only probable, impending trouble but also to predict 


the engine part which will most likely fail. 
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ІІ. CONCEP? OF THE STUDY 


This study will be concerned primarily with analysis of data 
collected during the period l July 1967 - 30 September 1967 at the 
Naval Air Station, Pensacola, Florida. Attention will be focused 
upon a reciprocating engine model produced by the Pratt and Whitney 
Aircraft Division, United Aircraft Corporation. The specific model 
is the R2000-6. The data for three different models of jet engines 
was also examined. The jet engine analysis covered models 
J52-P-6, J60-P-6, and J33-A-24. Since the results relating to jet 
engine data differed from those relating to the reciprocating model 
a discussion of general results for the jet models is presented 
separately in Appendix H. The procedure for spectrometric analysis 
of oil samples is identical for both jet and reciprocating engines. 
whenever a sample is analyzed by the spectrometer, the data is 
automatically recorded. Each sample provides a data point consist- 
ing of a number. of components. Fifteen of the components which are 
of interest to this study are 

(1) Engine model number 

(2) Engine serial number 

(3) Date oil sample removed from engine 

(4) Hours since engine overhaul (engine operating hours) 
(5) Hours since engine oil change (engine operating hours) 
(6) Density of aluminum (parts per million) 

(7) Density of iron (parts per million) 


(8) Density of chromium (parts per million) 
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(9) Density of silver (parts per million) 
(10) Density of copper (parts per million) 
(11) Density of tin (parts per million) 

(12) Density of magnesium (parts per million) 
(13) Density of lead (parts per million) 

(14) Density of nickel (parts per million) 
(15) Density of silicon (parts per million) 

Throughout this study we shall refer to several of the above- 
mentioned elements less frequently than to others. For instance, 
silicon is the only non-metallic element in the data. It is used 
primarily as an indicator of the amount of sand that a reciprocat- 
ing engine has ingested from the atmosphere. Analysis for silicon 
contamination in jet engines has become meaningless due to the 
increased use of silicone additives in jet engine oils. 

Reference to a specific serial number of a specific model 
engine will be by the digit numbers (1), (2),...,(26) rather than 
by the full six digit serial numbers. This simplifies the nota- 
tion throughout the study. Appendix A may be referred to for 
determining which serial number is related to which digit number. 

Practically speaking, the variables which can be measured 
without error are the hours since engine overhaul and the hours 
since engine oil change. These two variables have been designated 
the independent variables, and the densities of the ten elements 
have been designated as the dependent variables. The purpose of 
this study is the investigation of relationships which may exist 
between items (4) and (5) of the list of components, and the 


last ten items. 


1; 


Since little information of an analytical nature exists, the 
observed data was plotted on a scatter diagram to aid in determin- 
ing what, if any, functional relationships exist. With acceptance 
of the assumption of normality, regression analysis provided the 
natural technique for analytically uncovering linear trends 
between the variables, and for expressing any existing functional 
relationships in mathematical form. By this method the best rela- 
tion among the variables was determined. Further analysis using 
correlation techniques showed the strength with which the variables 
were associated. When preliminary investigations into the data 
showed a rather high correlation between the two independent vari- 
ables, a stepwise regression procedure was conducted in order to 
determine the more desirable course of action: continuation of 
the analysis using multiple linear regression techniques, or 


simplifying the analysis by employing simple linear regression. 
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III. PROCEDURE 


Computations and computer plots for this study were conducted 
on the IBM 360 computer at the Naval Postgraduate School, 
Monterey. Initial scatter diagrams were not encouraging. The 
plot of each element versus each of the two independent variables 
was reproduced in Appendix B. These plots depicted the entire set 
of data points for all 26 engines for model R2000-6. Although the 
data did not appear to have strong linear properties, the plots 
were interesting enough to invite a more detailed investigation, 
particularly the trends exhibited by aluminum, iron, silver, and 
copper. 

A sampling of five of the engines was selected for individual 
plots and the data thus obtained graphed separately. The results 
are shown in Appendix C. These results proved to be far more 
encouraging since they reinforced the initial impression that the 
four elements; aluminum, iron, copper, and silver showed definite 
linear trends. 

Multiple linear regression techniques were applied to the raw 
data. The predicted value, (y'), was expressed by the equation 

y'= a+ b] x + bə Χ2 
He re X] is hours since engine overhaul; and хә is hours since 
engine oil change. These are the variable affecting y which is 


the density in parts per million of the element being predicted. 
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Estimates for the partial regression coefficients, bj and b5, and 
the constant term, a, were computed using the procedure outlined 
in asc 

While analyzing the 26 engines of model R2000-6, it was consid- 
ered desirable to determine if all 26 engines could be treated as 
if they came from the same population. In addition to the normal- 
ity assumption, if the further assumption of equal variances for 
all 26 engines proved acceptable, the data could possibly be pooled 
and the engines could be handled as one. However, due to the 
suspect nature of the initial scatter diagrams, the assumption of 
homogeneity of variances was not made. Therefore, the test selec- 
ted to handle this problem was the one developed by Bartlett.* In 


order to test for homogeneity of variances the null hypothesis was 
Ho: σι” = S =... = ane - σ΄ 

Bartlett's statistic has been shown to be distributed under H, 

approximately as chi square with K-l degrees of freedom. 

The test was conducted at the QC = .05 level for the elements 
aluminum, iron, chromium, silver, magnesium, nickel, copper, and 
Silicon. With the exception of chromium, the null hypothesis was 
rejected. Not only had the equal variances test failed, but it 


was also found that the multiple linear regression had indicated 


that the partial regression coefficient bj would often have a 


lostle, B., Statistics In Research, 2nd Ed., p. 177, Iowa 


State, 1963. 


“Browmllee, К. A., Statistical Theory and Methodology In 
ocience And Engineering, p. 225, Wiley, 1960. 
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positive value while bj would have a negative value and vice versa. 
Since the evidence was overwhelmingly against homogeneity of vari- 
ances for the multiple linear regression situation, it was deemed 
advisable to conduct a stepwise regression analysis to determine 
which of the two independent variables was the better predictor. 

A further benefit from this analysis was that an objective evalu- 
tion could also be made to determine the relative merit of retain- 
ing the other variable in the equation. 

The stepwise procedure used was a linear regression program 
designated BIMED@2R. This program is one of a series of library 
programs designed by the Health Sciences Computing Facility, 
University of California, Los Angeles. A sequence of multiple. 
linear regression equations is computed in a stepwise manner. At 
each step one variable is added to the regression equation. The 
variable added is the one which makes the greatest reduction in 
the error sum of squares. This is the same as saying that it is 
the variable which has the highest partial correlation with the 
dependent variable partialed on the variables which have already 
been added to the equation. Since this analysis had only two inde- 
pendent variables, the first variable which was entered into the 
equation "explained more of the variance" than did the second 
variable. 

Stepwise regressions were conducted on each of the elements 
for which the Naval Air Rework Facility had previously established 
threshold limits. For engine model R2000-6 limits have been 
established for aluminum, iron, chromium, silver, copper, nickel, 


and silicon. Results of the stepwise regression for the four 
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elements aluminum, iron, eopper, and silver showed that hours since 
engine oil change appeared as the first variable entered in the 
regression equation far more often than did hours since engine 
overhaul. The results obtained from the remaining elements were 
inconclusive as to which of the two independent variables was more 
consistent in explaining variance. For these elements hours since 
engine overhaul appeared as the first variable entered in the step- 
wise procedure about as often as did hours since engine oil change. 
Appendix D contains the specific outcome for each of the 26 
engines. 

with the stepwise regression completed, a test of the hypothe- 
sis that the slope of the regression line was zero was conducted. 

The first test had as the null hypothesis: 

пу: О и ОИ E 26 

To accomplish this, the following ratio was formed from the Anal- 
ysis of Variance Table: 


mean square due to bi |a 


residual mean square 

This ratio follows an F- distribution with E = 1 and 
|l ) 7 nj - 2 degrees of freedom where n; is the number of obser- 
vations taken on the i-th engine. 

The next test had as the hypothesis: 

ee B,, = 0 ‚ 1 = 1, 2,..., 26 

To accomplish this test, the following ratio was formed from the 
Analysis of Variance Table: 


mean square due to bja, b 


1 





residual mean square 
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This ratio follows the F- distribution with Hi = ] and Ы, = D 
degrees of freedom. The results of testing the foregoing hypothe- 
sis at the O@= .05 level are contained in Appendix E. 


The ratio for testing H assesses the significance of the 


01 
reduction in the residual sum of squares gained by entering the 
first varlable in the equation. The notation by fa is used to indi- 
eate that the sums of squares associated with the coefficients are 
obtained sequentially, Likewise, the ratio for testing Hg) is 
used to determine if any significance should be attached to the 
additional reduction in the residual sum of squares achieved by 
entering b5 into the equation after the sums of squares for a and 
bq have been computed. Thus, the notation b5|a,b4 was used. 

As part of the stepwise procedure the estimated multiple cor- 
relation coefficients were computed at the completion of each 
step. The addition of the second variable into the multiple lin- 
ear regression equation caused an increase in the correlation 
coefficient of 0.1000 or more in only the number of engines shown 
in Table I. 

The relatively small increase in correlation is not considered 
significant in view of the additional increase in the computational 


effort required to effect the higher correlation. 
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Element Number of Engines 


Aluminum LL 
Iron 2 
Соррег Ч 
Silver ದ್ರ 
Chromium 3 
Magnesium 9 
Nickel 7 
Silicon 6 
TABLE I 


Increases of 0.10 or More in Multiple Correlation 
Coefficient Caused by Addition of the Second 
Independent Variable to the Equation 
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IV. RESULTS 


A significant result obtained from the analysis of the step- 
wise regression showed that hours since engine oil change was the 
better predictor of the two independent variables. Furthermore 
when the results of the tests for zero-slope were scanned, it was 


noted that the hypothesis 
Ho2 : B;; = 0 | i7 1, 2,..., 26 
was accepted more often than the hypothesis 


Hoy : 0. =0 ; 1 = l. as 26 


This acceptance of hypotheses held true for each of the metallic 
elements in the analysis. For the element silicon the number of 
engines for which Hgo was accepted proved to be equal to the num- 
ber for which Hg, was accepted. This result, when considered with 
the multiple correlation coefficient results, indicated that not 
only did the addition of the second variable to the regression add 
little to the correlation coefficient but, in some cases, its 
addition actually tended to nullify some of the effect of positive 
slope provided by the first variable. That is, it was found that 
instances occurred wherein one independent variable was positively 
correlated with the dependent variable, and the other independent 
variable was negatively correlated with the dependent variable. 
With this evidence established the decision was made to drop the 
variable hours since engine overhaul from the analysis and to 
proceed using only the remaining independent variable hours since 


engine oil change. 
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The computer program in Appendix G was written to perform a 
simple linear regression on each of the 26 engines for each of the 
following elements: aluminum, iron, chromium, silver, magnesium, 
nickel, copper, and silicon. The possibility of constructing one 
single regression equation which could be used for all 26 engines 
had already been ruled out by Bartlett's Test for homogeneity of 
variances. Therefore, the conclusion that each engine should be 
treated individually was firmly established. 

A final task which the program in Appendix G was designed to 
perform was that of establishing a prediction interval of the inde- 
pendent variable x. Such an interval was to be predicted for each 
engine and for each element. 

Now, since the regression was reduced to a simple linear form, 
the expected value of y which corresponds to a given x = X is 
calculated as 

у = а + bX 
Using this predictor for y we can employ the formula for a 
100 (1-OC )?6 prediction interval for y which is presented in Ostle z 

Appendix F displays the results obtained from a hypothetical 
value of x = 150 for a 95 per cent prediction interval around y. 
Since y represented the parts per million density for the element 
under consideration, the low end of the interval was set equal to 
zero at any time that the predicted low end dropped below zero. 


A negative number of parts per million for an element would be 


JOstle, B., Statistics In Research, 2nd Ed., p. 170, Iowa 
State, 1963. 
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meaningless. Also, since the spectrometer in use at the Naval Air 
Station, Pensacola, measures densities of the elements in integer 
ರ್ಸ್‌ the low end values were truncated to integer values and the 
high end values were rounded up to the next highest integer if they 
were composed of any decimal fraction. An illustration is shown in 


Drawing I. 
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DRAWING 1 


Example of Prediction Interval for an Oil 
sample Extracted from an Engine at a Point 
In Time 150 Hours Since Engine Oil Change 
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V. CONCLUSIONS 


The policy pertaining to engine model R2000-6 requires col- 
lection of data for both of the independent variables hours since 
engine oil change as well as hours since engine overhaul. In ad- 
dition to this, data is also collected for aluminum, iron, chromi- 
um, silver, copper, nickel, and silicon. It appears that 
virtually all of the information relating to this model engine is 
contained in the data for aluminum, iron, copper, silver, and 
hours since engine oil change. These five items provide a notice- 
ably linear trend whereas chromium, nickel, silicon, and hours 
since engine overhaul appear to possess poorer predictive powers. 

Each engine has its own characteristic build-up rate for each 
element; therefore data collection, storage, and manipulation 
must, of necessity, be accomplished separately for each particular 
serial number of each model engine. When a new engine serial 
number is introduced into the system, there can be very little 
information of a predictive nature which can be fed back to the 
operating unit until a sufficient number of data points has been 
recorded. This study utilized serially numbered engines only if 
there were eight or more data points with which to work. Once an 
engine has provided enough data points to characterize its build- 
up rate of parts per million for each element, any new reading can 
be examined against its prediction interval and appropriate action 
taken. Normally, appropriate action could be 

(1) If the actual y value is within the prediction interval for 


all elements, the point is added to the data bank and the 
prediction mechanism uses this data point along with all 
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previous points to update the regression equation. Obviously, 
the more data points collected on a particular engine, the 
better should be the prediction. 


(2) 11111135 3811301111 value 15 above the Predicted high end ol the 
interval for any one or more of the elements associated with 
a particular model engine, then the operating unit is noti- 
tied with an appropriate recommendation. The data point is 
then added to the data bank and treated as in (1) above. 
A further study should be conducted using data collected over 
a longer period of time such as a three-year period. The results 
obtained from such a study should be much more conclusive than 


these findings which have been based on data collected over a 


three-month period. 
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APPENDIX A 


SERIAL NUMBERS OF THE R2000-6 MODEL AIRCRAFT ENGINES 


Engine Number Serial Number 
1 101196 
2 103105 
3 104166 
E 105005 
5 105246 
0 106505 
/ 106666 
8 106681 
9 106690 

10 106707 
11 106797 
12 106802 
T3 107486 
14 107935 
15 108003 
16 108372 
17 108458 
18 108461 
19 108553 
20 108616 
21 108919 
22 700002 
23 70013% 
24 700163 
25 702269 
26 702489 
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APPENDIX C 


Plots of Hours Since Engine Oil Change 
Versus Bensities of Eight Elements for Five üngines 
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APPENDIX D 
STEPWISE REGRESSION RESULTS 


First Independent Variable Entered in Stepwise Regression 


Engine No. Mg Al Fe Cu Ag Cr Ni Si 


1 2 2 2 1 2 2 2 2 
2 1 2 2 2 1 2 2 1 
3 2 2 2 2 2 1 it 2 
4 2 2 2 2 2 2 T 2 
5 2 2 2 2 2 1 2 1 
6 Т 1 1 2 2 2 Т 2 
7 1 2 2 2 2 2 1 1 
8 2 2 1 2 2 Ji 1 2 
9 2 2 2 2 2 1 1 1 
10 1 Т 2 2 2 2 2 2 
11 2 2 i 2 1 2 i 2 
12 1 2 2 2 2 1 1 1 
13 2 2 2 2 2 1 2 ji 
14 1 i i 1 1 2 1 2 
15 1 1 ї 1 1 1 2 2 
16 2 2 2 2 2 2 2 1 
17 2 1 2 2 2 y 2 2 
18 2 2 2 2 2 1 2 2 
19 2 2 2 2 2 1 1 1 
20 2 1 2 2 2 2 2 2 
21 Т 1 2 2 2 1 2 2 
22 iL 2 2 2 2 2 Í 2 
23 1 i 2 2 2 1 1 2 
24 2 2 2 2 2 1 Ji 2 
25 1 1 1 2 1 1 1 1 
26 2 2 2 2 1 T 2 2 
Total 1 11 9 6 3 oa ie τι 9 
Total 2 15 17 20 23 ಜ್‌ A m 


Key: 1 Signifies that the independent variable, hours since 
engine overhaul, was the first variable entered in 
the stepwise regression. 


2 Signifies that hours since engine oil change was the 
first variable entered in the stepwise regression. 


APPENDIX E 


TEST RESULTS FOR HYPOTHESES THAT THE REGRESSION LINE HAS ZERO SLOPE 
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RPPENDIX F 


DATA FOR ALUMTNUM 


PREDICTION INTERVAL FOR AN INDIVIDUAL VALUECF Y FOR A 
HYPOTHFTICAL VALUE OF THE INDEPENDENT VARIABLE, X 
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DATA FOR TRON 


INTERVAL FOR AN INDIVIDUAL VALUEOF Y FOR A 
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DATA FOR COPPER 
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DATA FOR CHROMIUM 


DPENTCTICN INTERVAL FOR AN INDIVIDUAL VALUEOF Y FOR A 
HYPOTHETICAL VALUE OF THE INDEPENDENT VARTARLE,X = 
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DATA FOR NICKEL 


INTERVAL FOR AN INDIVIDUAL VALUEOF Y FOR A 


HYPOTHETICAL VALUE OF THE INCEPENDENT VARTABLE,X = 
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APPENDIX G 
Computer Program 
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APPENDIX H 
GENERAL RESULTS FOR JET ENGINES 

Essentially the same analysis was conducted for jet models 
J52-P-6, J60-P-6, and J33-A-24, as was conducted for model R2000-6. 
When scatter diagrams for the jet models were plotted they pro- 
vided no encouragement that a functional relationship might exist 
between the independent and dependent variables. As part of the 
analytical analysis a stepwise regression was executed in order to 
determine which of the two variables, hours since engine oil change 
or hours since engine overhaul, was the better predictor. For all 
three models the results were inconclusive. Approximately one- 
half the engines showed hours since engine oil change to be the 
better predictor and for the other half hours since engine overhaul 
was the better. Simple regressions were executed using each of 
the two independent variables. Regardless of which variable was 
used in the equation, about half of the regression coefficients 
were negative. This meant that in about half of the jet engines 
there was a decrease in the estimate of the density of wear 
metals as time since oil change increased. Inconsistent behavior 
such as this could only be interpreted as evidence that neither 
of the two control variables possessed reliable predictive powers 
for the dependent variable. 

For each model Bartlett's test for homogeneity of variances 
was conducted. The results were similar to those obtained for 
the reciprocating engine; i.e., the jet engines of a particular 


model could not be considered as coming from the same population. 
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Therefore, as with the reciprocating engines, data manipulation 
must continue to be carried out separately for each engine. 

When the raw data for jet engines was compared against raw 
data for a reciprocating engine an immediate difference was detec- 
ted in the densities of all elements. The densities in parts per 
million for jet engines was, in general, considerably less than 
that for a reciprocating engine. A typical comparison is shown in 
Table II. For model J33-A-24 five engines were analyzed, for 
model J52-P-6 twenty-four engines were analyzed, and for model 
J60-P-6 twenty-one engines were analyzed. No engine was included 
in the analysis unless it had eight or more data points. Since 
the estimated densities for jet models are of the magnitude shown, 
it is entirely possible that these densities are within the noise 
level of the spectrometer. This probably explains the fact that 
neither hours since engine oil change nor hours since engine over- 
haul appear to be of value in predicting the internal condition of 
engines chosen from the set of three jet models analyzed in this 


study. 
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Density of Element (PPM) by Model | 


Element R2000-6 J60-P-6 J52-P-6 J33-A-24 


| Aluminum 7=25 0-2 0-5 0-4 
Iron 58-100 1-5 3-6 1-3 
Chromium 3-18 1-7 1-9 1-8 | 


Silver 


Copper 


Magnesium 


Nickel 





TABLE II 


Comparison of Typical Densities Between Jet 
And Reciprocating Engines 
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